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There have been vigorous research attempts to test various modified gravity theories by using
physics of the cosmic microwave background (CMB). Meanwhile, symmetry breaking such as Higgs
mechanism is one of the most important phenomena in physics but there have been not so much
researches to make them contact with cosmological observations. In this article, with the CMB
power spectra we try to distinguish two different scenarios of spontaneous symmetry breaking in
primordial era of the universe. The first model is based on a broken symmetric theory of gravity,
which was suggested by A. Zee in 1979. The second model is an application of Palatini formalism
to the first model. Perturbation equations are computed and they show differences originated from
the property of symmetry. Furthermore, it turns out that two models have different features of
CMB power spectra with the same potential scale. This fact enables us to verify distinct kinds of
primordial symmetry breaking with CMB physics.
I. INTRODUCTION
After the discovery of Cosmic Microwave Background
(CMB), there have been many studies to understand its
physical implications. Especially, its anisotropy has been
vigorously studied to verify and give restriction on free
parameters of modified gravity theories such as Brans-
Dicke (BD) theory [1], Horndeski theory [2], and f(R)
gravity [3]. They have been developed to alleviate or
give a clue for cosmological problems such as the cosmic
constant problem.
Among the modified theories, there also have been at-
tempts to apply an idea of symmetry breaking to cos-
mology. The studies on symmetries and their breaking
phenomena is one of the most important development
in modern physics. The idea of spontaneous symmetry
breaking, especially after the appearance of Higgs field
theory [4-6], became one of the main subject area in par-
ticle physics. This trend also has affected studies in cos-
mology such as cosmic acceleration, the theory of infla-
tion and the cosmic constant problem [7]. There are other
tries for doing it in the primordial era. Broken-symmetric
theory of gravity proposed by Zee [8] is a remarkable one
among these attempts, which applies Higgs-type mecha-
nism in BD theory with the potential. In the theory, the
potential invokes symmetry breaking in primordial era
so that the BD field value settle down at Planck mass.
One of the main features of the model is that it cannot
be distinguished from general relativity (GR) by current
observation, if we consider only non-perturbative scale
and recent era of the universe.
This model gives us deep insights, however, its prop-
erties on perturbative scale were not so much studied.
One of the preceding researches studying perturbations
in Zee’s theory given by [9] only discusses the simple solu-
tion for perturbation. Moreover, it is focused on the view
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of particle physics and deals no specific method to ver-
ify the theory with cosmological tests. In the paper [10],
the perturbation of the scalar field is mentioned but it
is only used for showing some problems which may arise
in the open universe. In another study [11], some effects
in CMB which the field may bring are briefly mentioned.
However, these are not highlighted and then an alterna-
tive scenario to use the field as inflaton is soon discussed.
Therefore, we are motivated to find how we can verify the
theory with cosmological observations. In this paper, we
revisit broken-symmetric theory of gravity, by studying
how it affects CMB anisotropy spectra. Furthermore, we
also study its modification, to investigate whether a dif-
ferent type of symmetry breaking may bring differences
in observables.
Our modification is based on Palatini formalism. In
GR, for the uniqueness of a connection we assume met-
ric compatibility, which says that a covariant derivative
of the metric tensor is zero. From this assumption we
can compute Affine connection from the metric tensor.
In contrast, in the Palatini formalism it is assumed that
the connection is independent from the metric tensor.
Especially, when we apply it to the modified gravity the-
ories, metric compatibility may also not be true anymore.
There are two main application of Palatini formalism
in modified gravity theories. They are known as Weyl
scalar-tensor geometry (or Weyl geometry) [12] and Pala-
tini f(R) gravity [13], which are their adoptions to BD
theory and f(R) gravity. Here we propose a slightly dif-
ferent model for broken-symmetric theory of gravity by
using Weyl geometry, and investigate whether one can
distinguish two different types of primordial symmetry
breaking by perturbation theory.
Throughout the paper, to construct perturbation the-
ory we use covariant and gauge-invariant formalism (or
covariant formalism), which was developed by [14-16].
The reason why we choose covariant formalism is that we
choose CAMB [17] to execute numerical analysis. CAMB
takes covariant formalism to be its fundamental numer-
ical stretegy, due to the well-known fact that there is
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2a gauge choosing problem in cosmological perturbation
theory (see [18] for detailed explanation, for example).
Covariant formalism gives a simple remedy by using 1+3
decomposition of Einstein field equation and using a fun-
damental 4-velocity of fluid as a source for basic kine-
matical quantities which are always gauge-independent.
It has a clear physical meaning and its equations are
equivalent to synchronous gauge if we set the observer
4-velocity to correspond to cold dark matter (CDM) ve-
locity.
This paper is organized as follows: In section II we re-
view broken-symmetric theory of gravity and Weyl geom-
etry, then we construct our new kind of broken-symmetric
theory of gravity by using Palatini formalism. We show
that one cannot verify these models only by studying
non-perturbative scale. In section III we construct lin-
earized perturbation theory based on covariant formal-
ism, and derive additional energy-momentum (EM) ten-
sor in perturbative scale for each model. Then we discuss
differences between two models in perturbative scale. In
section IV, to perform numerical analysis, first we pro-
pose approximation scheme for the scalar field, for the
numerical code CAMB. Next, we explain some new fea-
tures in the perturbation of energy density for ordinary
matter. This helps us when we try to understand the
properties of CMB power spectra. We analyze numer-
ical results for CMB power spectra. Then we compare
our final results with other researches, and discuss some
observational tests that would be helpful when verifying
our models. In section V we summarize our results and
discuss future prospects and limits of our study.
II. TWO MODELS OF PRIMORDIAL
SYMMETRY BREAKING IN COSMOLOGY
We first begin this section by reviewing Zee’s broken-
symmetric theory of gravity, and we propose our new
model by applying Palatini formalism to Zee’s theory.
Basically, two models both adopt the action of BD theory
with potential for their actions. The potential breakes
down the symmetry so that the BD scalar field is only
detectable in the perturbative scale. However, two mod-
els are expected to bring different effects since these have
different symmetry. We investigate this effects for each
model. For a briefness, we call each models as the model
A and the model B from now on.
The action of BD theory with potential is given by
S =
∫
d4x
√−g [ 1
2
φ2R+
1
2
gαβ∇αφ∇βφ+ V (φ)] + SM,
(1)
where R is Ricci scalar (for the definition of Ricci scalar
and related quantities, see (25) and comment below), SM
is the action for ordinary matter. In the model A, the
following Higgs-type potential is adopted to invoke sym-
metry breaking:
V (φ) ≡ 1
2
VA(φ
2 −M2P)2, (2)
whereMP is Planck mass and VA is a scale for the poten-
tial. Let us adopt Levi-Civita connection, which is given
by metric compatibility condition ∇γgµν = 0, to be con-
nection in the model A. Then the equations of motion
obtained from the action (1) are given by
Gµν =
2
φ2
Tµν + T
(φ)
µν , (3)
φ− ∂φV (φ)− φR = 0, (4)
where Gµν ≡ Rµν − gµνR/2,  ≡ ∇µ∇µ, Rµν is Ricci
tensor and we define EM tensor for matter and φ:
Tµν ≡ − 2√−g
δSM
δgµν
, (5)
T (φ)µν ≡−
2
φ2
∂µφ∂νφ+
2
φ2
gµν [
1
2
∂αφ∂
αφ+ V (φ)]
+
1
φ2
(∇µ∇νφ2 − gµνφ2). (6)
From equation (4), we see that the potential given by
(2) invokes symmetry breaking and make the field φ set-
tle down at the minimum φ = MP. After the symme-
try breaking, the theory recovers GR in non-perturbative
scale so that
Gµν = κTµν , (7)
where κ = 2/M2P.
The model B shares almost the same mechanism but it
differs from the model A in detail. In the model A we set
the connection to be Levi-Civita connection, which is ex-
actly the same connection in GR. We can derive it from
the metric tensor. In the model B, however, the con-
nection is considered to be independent from the metric.
This condition is known as Palatini formalism. From this
new formalism we can derive a equation on this new con-
nection, namely Γ¯αµν . Taking a variation of the action (1)
with respect to Γ¯αµν , we obtain
∇¯αgµν = gµνψ,α, (8)
where ∇¯α is a new covariant derivative corresponding to
Γ¯αµν and we define a rescaling of the field ψ = −2 lnφ
for convenience. Now we set the derivative operator ∇¯α
satisfying (8) to be fundamental derivative operator in
the model B, instead of original covariant derivative ∇α
which satisfies metric compatibillity. We call this kinds
of theories with the covariant derivative given by (8) as
Weyl geometry, whose name is originated from Herman
3Weyl [19]. Likewise, we call the new connection Γ¯αµν sat-
isfying (8) Weyl connection. It is related with the original
Levi-Civita connection Γαµν as
Γ¯αµν = Γ
α
µν + δΓ
α
µν , (9)
where
δΓαµν ≡ −
1
2
(gαµψ,ν + g
α
νψ,µ − gµνψ,α). (10)
Before we do more explicit computation, let us explain
its geometric characters for the later conveniences. The
spacetime with Weyl connection has new kind of symme-
try, because (8) is invariant under the transformation
(gµν , ψ)→ (efgµν , ψ + f), (11)
where f can be any function on spacetime. This kinds of
transformation consist a group, namely Gweyl(ψ). Any
operation in Gweyl is called a frame transformation and
pair (M, gµν , ψ) is called a frame where M is spacetime
manifold. Especially, if we take f = −ψ and define γµν ≡
e−ψgµν , namely effective metric, then from (8) it is clear
that ∇¯αγµν = 0. So for the covariant derivative operator
in the model B, the metric γµν behave like original metric
gµν for the derivative operator in GR. Hence, we can take
similar step like GR for computation involving derivation
if we use the rescaled metric γµν in the frame. We call the
frame (M,γµν , 0) a Riemann frame, whereas the frame
with gµν is called a Weyl frame.
It is convenient to rewrite the action in the Riemannian
frame, for the fact that in this frame the field ψ appear
to be minimally coupled. We propose the action for the
model B to be
S =
M2P
2
∫
d4x
√−γ [R¯+1
8
γαβ∇¯αψ∇¯βψ+e2ψV (ψ)]+S¯M,
(12)
where
V (ψ) ≡ 1
2
VBM
2
P(e
−ψ − v2)2. (13)
Here the Planck constant appears explicitly because the
field ψ is now dimensionless and cannot play a role for
the mass and a factor 1/8 in the kinetic term for ψ comes
from the rescaling of the field. Ricci scalar R¯ is also
redefined with respect to Weyl connection. The matter
action S¯M is of course changed to satisfy the symmetry
condition (11) too. Note that the Planck constantMP in
the potential is changed to v, which has same value ofMP
but is dimensionless and the scale for the potential is also
rescaled. From now on we denote terms (or operators)
with bar as redefined quantities with the new connection
in the model B.
The equations of motion from the action (12), in Rie-
mannian frame, are given by
G¯µν = κT¯µν + T¯
(ψ)
µν , (14)
¯ψ − ∂ψVeff(ψ) = 0, (15)
where we redefine the EM tensor for matter and ψ:
T¯µν ≡ − 2√−γ
δS¯M
δγµν
, (16)
T¯ (ψ)µν ≡ −∂µψ∂νψ +
1
2
γµν [γ
αβ∂αψ∂βψ + e
2ψV (φ)], (17)
and the effective potential
∂ψVeff(ψ) ≡ 4e2ψ[∂ψV (ψ) + 2V (ψ)]. (18)
Since V ′eff(e
−ψ = v2) = 0 and V ′′eff(e
−ψ = v2) > 0, The
potential also can invoke symmetry breaking at e−ψ =
v2.
Before we discuss effects of the symmetry breaking in
CMB anisotropy, we explain a geometirc role of the sym-
metry breaking for deeper understanding. As we have
shown before, the action (12) is invariant under the oper-
ations of the transformation group Gweyl(ψ). The invari-
ant quantity corresponds to this group is of course Weyl
connection Γ¯αµν . After the symmetry breaking, on non-
perturbative scale, the field ψ is fixed to be ψ = − ln v2
so spacetime symmetry is now broken. On the perturba-
tive scale, however, there arises a new symmetry whose
operation is given by
(gµν , ζ)→ (efgµν , ζ + f), (19)
where we expand ψ = − ln v2 + ζ with the condition
|ζ|  ∣∣ln v2∣∣. Now the spacetime symmetry obeys new
groupGweyl(ζ) on the perturbative scale and thus we may
call symmetry breaking in our model geometrical. This
illustrates why we should consider perturbation theory
in the model B after the symmetry breaking. Because
of the geometrical feature of the field ψ, all the geomet-
rical observables must be defined to be invariant under
Gweyl(ψ). After the symmetry breaking, however, on the
non-perturbative scale there is no geometrical effects of
ψ anymore. That is to say, the group Gweyl(ψ) has only
one elements, the identity. Therefore after the symmetry
breaking we can see the effects of ψ only through the per-
turbation scale, where the group Gweyl(ζ) has nontrivial
elements. In the next section we investigate these pertur-
bative features in more detail with covariant formalism.
III. COVARIANT FORMALISM AND
PERTURBATION THEORY
Here we illustrate covariant formalism which is used
by the numerical code CAMB to explain perturbative
features of two models. The formalism uses 1+3 decom-
position of the spacetime. For given coordinates xa, we
define a 4-velocity
ua ≡ dxa
dτ
, (20)
4with a comoving time τ [20]. We choose 4-velocity ua to
be uaua = 1. With ua one can make 1+3 decomposi-
tion. We split the covariant derivative ∇ to make time
derivative and orthogonal spatial derivative as
S˙a...b... ≡ uc∇cSa...b..., (21)
DcS
a...
b... ≡ h fc had · · ·h eb · · · ∇fSd···e···, (22)
where hab ≡ gab−uaub is spatial projection tensor. Note
that here we only give definitions with the Levi-Civita
connection. The reason why we do not need one with
Weyl connection wiil be discussed soon. Another useful
definition is projected symmetric trace-free (PSTF) part
of vectors and tensors. The PSTF parts of vector and
tensor are given by
V〈a〉 ≡ habV b, (23)
S〈ab...z〉 ≡ (h c(ah db · · ·h wz) −
1
3
hcd...whab...z)Scd...w, (24)
where the bracket in the subscript denotes anti-
commutator. With 4-velocity we can also define Riemann
tensor with the equation
(∇c∇d −∇d∇c)ua = Rabcdub, (25)
from which we define Ricci tensor Rµν ≡ R γγµ ν and Ricci
scalar R ≡ R µµ . Next we split EM tensor by using 1+3
decomposition:
Tab = ρuaub + 2q(aub) − phab + piab, (26)
where ρ ≡ Tabuaub is energy density, qa ≡ T〈a〉bub is
momentum density, p ≡ −habTab/3 is pressure, piab ≡
T〈ab〉 is anisotropic stress. At the zero-th order (non-
perturbative scale), for the isotropic and homogeneous
universe all the quantities become zero except for the
energy density and the pressure.
Now we are ready to present perturbation equations
for each model. First we discuss the model A. Whereas
these two models have exactly same background equa-
tions as GR, on the perturbative scale differences arise.
Clearly, one can see that the additional EM tensor T (φ)µν
for the scalar field φ does not totally vanish in first or-
der. The ordinary matter EM tensor 2Tµν/φ2 also gives
an additional term. Therefore on the perturbative scale
(3) become
δGµν = κδTµν + δT
(A)
µν . (27)
Here the quantity with δ denotes its first order pertur-
bation and the additional EM tensor δT (A)µν , which origi-
nated from the BD scalar field, is given by
δT (A)µν ≡ ∇µ∇νϕA − gµνϕA − κϕATµν , (28)
where ϕA ≡ 2δφ/MP. From this new EM tensor one may
compute terms such as energy density, that is given by
(26). The evolution equations for ϕA is given by
ϕ¨A + 3Hϕ˙A +a
2D2ϕA + 4VAM
2
PϕA = κ(δρ−3δp), (29)
where a is a scale factor of the universe, H ≡ a˙/a, and
D2 ≡ DµDµ.
For the perturbation theory in the model B, we need
to be more careful. For an illustration, let Xµ and Y µ be
vector fields. Suppose that Xµ is a zero-th order back-
ground function which only depends on time but may de-
pend on space location on the perturbative scale. Hence
we may regard its spatial gradient D¯µXµ as a pertur-
bative quantity. On the other hand, suppose that Y µ is
itself a first order perturbative variable. For consistency
and convenience, many times it is useful to regard D¯µY µ
as a perturbative quantity, not Y µ itself. However, the
derivative operators in two quantities in fact cannot be
same in first order scale. To be explicit, we obtain
D¯µX
µ = DµX
µ − hµνδΓγµνXγ , (30)
D¯µY
µ = DµY
µ, (31)
where the additional factor −hµνδΓγµνYγ due to Weyl
connection vanishes in (31), because it is second order
term. Hence we do not use ∇¯ but rather only ∇. For the
same reason from now on we only use Weyl frame.
Transforming G¯µν into Gµν and Considering perturba-
tion up to first order, we find
δGµν = κδT¯µν + δT
(B)
µν , (32)
where
δT (B)µν ≡ ∇µ∇νϕB − gµνϕB, (33)
and ϕB ≡ δψ. The evolution equations for ϕB is given
by
ϕ¨B + 3Hϕ˙B + a
2D2ϕB + 4VBM
2
PϕB = 0. (34)
In the context of the field theory, one may define a mass
of ϕA (or ϕB) as m2A ≡ 4VAM2P (or m2B ≡ 4VBM2P).
This definitions would be helpful in the view of particle
physics, especially in the next section.
In summary, we explain some differences between our
two models A, B and other researches. In general, when
we consider the perturbation theory in many modified
gravity theories one has to consider not only perturbation
equations but also background equations. In our models,
however, we only need to consider the modified perturba-
tion equations, that is the new EM tensor perturbation
which is given by (28) and (33). This is quite notice-
able difference between many other researches on CMB
anisotropy in modified gravity theories and our models.
Our models can be thought to be equivalent to GR as
their efective theory because the scalar field is decoupled
5after the symmetry breaking. Note that, however, this ef-
fective theory becomes standard ΛCDM model with the
correction of a new additional EM tensor, which arises
from non-minimal coupling in the original action. Here
the field mass m plays a crucial role in our models, as
it determines how much the models deviate from GR.
Moreover, the new features of perturbations represented
by (28) and (33) reveal a difference between two mod-
els explicitly. In (28), the new EM tensor contains term
κϕATµν which comes from the EM tensor of ordinary
matter, whereas in (33) there is no such term.
This comes from the properties of symmetry which the
action satisfies. In the model A, the matter action SM
has no need to couple with the scalar field φ explicitly
in Weyl frame, since there is no conformal symmetry like
(11) to be satisfied. In the model B, however, the matter
action need to satisfy a new kind of symmetry (19) and
to satisfy the condition it must appear to be not coupled
with the field in Riemannian frame. This causes different
features of CMB power spectra in the model B from the
model A, which we explain from now on. To do this,
let us discuss our final results of two models with some
numerical analysis.
IV. NUMERICAL ANALYSIS AND RESULTS
In this section, we present our numerical results ob-
tained by a modification of CAMB. CAMB is written in
fortran 90, fast and accurate enough for the statistical
analysis of many data, and hence it is generally used to
analyze new CMB physics. To obtain numerical results,
we modified the set of equations in equations.f90 file
in folder fortran.
Although CAMB can solve equations enough exactly,
as the potential scale become higher the field oscillates
more rapidly in its restrictive region (the field should be
diluted fast in the radiation epoch, so that the field can-
not be detected in the current era), and hence to solve
many other coupled equations exactly CAMB needs to
split the region with extremely small time spacing to
reflect the rapid changes of the field, which results the
code to be much slower than the usaul cases [21]. Un-
fortunately, we could not avoid this numerical issue in
both models and we had to develop an approximation
scheme for the rapidly oscillating field. Our scheme is
not to be quantitively accurate but to cut down the time-
consuming computation of the code and to analyze intrin-
sic features of the physics qualitively.
In many times it is convenient to expand variables as
series with harmoric coefficients. We define scalar eigen-
functionQ(k) which satisfies generalized Helmholtz equa-
tion
a2D2Q(k) = k2Q(k), (35)
and Q˙(k) = 0. With the definition
Qa1a2...al(k) ≡ (
a
k
)lDa1Da2 . . . DalQ(k), (36)
we may expand some quantity Xa1a2...al as
Xa1a2...al =
∑
k
CX(k, a)XkQa1a2...al(k), (37)
where CX(k, a) is a coefficient of the series that we can set
it for convenience. With these definitions we expand our
scalar field with harmonic quantities. First note that we
may neglect the terms in the right-hand side of (29), since
the field would decrease rapidly in the radiation era, so
during the era that the field value is considerable we may
set δ(ρ + 3p) ≈ 0. Hence we may define ϕ ≡ ϕA = ϕB
and
aDaϕ ≡
∑
k
kφkQa(k). (38)
Then (29) and (34) become
φ′′k + 2Hφ′k + k2φk + 4a2VM2Pφk = 0, (39)
where the prime denotes derivative with the conformal
time dτ ≡ dt/a, H ≡ a′/a, and we omitted the subscript
in the potential scale for convenience. Now we propose
our approximation scheme. The field asymptotically de-
crease with a factor 1/a as time goes by, so we may in-
troduce a new variable ϕk ≡ aφk to conceal the feature.
We can see that the equation for ϕk shows the oscillating
property more explicitly, with an analogy with a simple
harmonic oscillator:
ϕ′′k = −(k2 + 4VM2Pa2 −
a′′
a
)ϕk. (40)
We want to drop out the oscillation part and extract only
effects from the potential scale on the asymptotic line of
the solution of (39). Hence we decompose ϕk = eg+ih,
as a composition of two real-valued variables g which
corresponds to amplitude and h which corresponds to
oscillation and i ≡ √−1. The equations for g and h are
g′′ = −(k2 + 4VM2Pa2 −
a′′
a
)− (g′)2 + (h′)2, (41)
h′′ = −2g′h′. (42)
To rule out the effect of the oscillation, we assume that
a wavelength of h is infinite. This implies |h′|  1 and
|g′| ∝ |h′′/h′|  1. Therefore, we can write the solution
of φk as φk(τ) ≈ f(τ)/a, where
f(τ) ≡ exp(−
∫ τ
τ0
dτ ′′
∫ τ ′′
τ0
dτ ′ {k2 + 4VM2Pa2 −
a′′
a
}),
(43)
where τ0 is an initial time when the code begins evolution.
Our approximation may seem to be somewhat hand-
wavy, however, the most important property of the evolu-
tion, its rapid decrease and dependency on the potential
scale, still survives. The oscillating feature mostly domi-
nates on relatively late-time era and its amplitude is quite
6small and negligible so we expect that there is almost no
danger to lose physically important phenomena.
Next we discuss initial conditions for the scalar field.
The simplest choice for the initial values is of course
φk = 0 and φ′k = 0, but this values give no evolution
to the field so do not have any kind of interest. Rather
we try to give a more physical condition. For the early
era of the universe and a long wavelenth region where
the code begins evolution, |kτ |  1, (40) is reduced to
ϕ′′k = (a
′′/a)ϕk, whose solution satisfies that ϕk/a = φk
is constant. Comparing coefficients in the actions of each
model, one find φk =
√
2 and φ′k = 0.
We are now ready to execute our numerical com-
putation. For cosmological parameters we use
Planck 2018 results [22]: current Hubble factor
H0 = 67.32117 Km s
−1 Mpc−1, baryon density Ωbh2 =
0.0223828, cold dark matter density Ωch2 = 0.1201075,
neutrino density Ωνh2 = 0.6451439× 10−3, scalar power
spectra amplitude As = 2.100549×10−9, and scalar spec-
tral index ns = 0.9660499, and we only consider the flat
universe.
Before we discuss CMB multipoles, let us explain ef-
fects of the additional EM tensor on the evolution of mat-
ter perturbation. This will help us to understand the fea-
tures of our models more clearly. Consider a barotropic
matter with a constant equation of state w ≡ p/ρ. The
evolution equation of its energy density perturbation ∆k,
defined by aDaρ = ρ
∑
k∆kQa(k), is given by
∆′′k+(1−3w)H∆′k−[
κa2
2
(1+2w−3w2)ρ+k2]∆k = −FX(φk),
(44)
where X is A or B, and for the model A
FA(φk) ≡ (1 + w)
2
[2(φ′′k −Hφ′k) +φk − κa2(ρ+ 3p)φk],
(45)
and for the model B
FB(φk) ≡ (1 + w)
2
[2(φ′′k −Hφ′k) +φk]. (46)
The equation (44) can be understood as a harmonic os-
cillator in the expanding universe, with an external force
given by FX(φk). First of all, we note that all the evolu-
tion converge to the results of GR when V → ∞, since
the field decrease faster to zero if the potential scale is
bigger. The value of the field is considerable only at
early era of universe and soon approaches to zero, hence
we may think of the force term as an additional source
to the matter at early time. Let us investigate effects of
this force term for each model and scale. Since the con-
formal time can be thought of maximal comoving photon
path and k denotes momentum, the behavior for the large
scale is approximated by the condition |kτ |  1, and for
the small scale |kτ |  1.
First let us consider the model A. As we have dis-
cussed, φk decrease rapidly in the radiation era. So
we may think of the fluid components in the last term
of (45) is only constituted by radiation with an equa-
tion of state w = 1/3. Hence we approximate it as
κa2(ρ+ 3p)φk ≈ 2κa2ρφk = 6H2φk and find
FA(φk) ∼ −(k2 + 12a2VAM2P)φk − 6H(φ′k +Hφk). (47)
Notice that the former term is always negative, since in
our approximation φk is always bigger than zero. If there
were no latter term, the force term would be negative
and expressed as FA ∝ −φk and would function as a
friction, which reduces the oscillation amplitude of ∆k.
From (43), the latter term can be expressed by −6Hf ′/a.
If this term is positive and bigger than the absolute value
of the former term, and hence FA(φk) is positive, this
external force term can function as an additional source,
which enhances the oscillation of the photon field. This
term is positive if
∫
dτ (k2 + 4VM2Pa
2−a′′/a) > 0, hence
one may think that the force term would be more likely
to be positive if we have large potential scale. However,
as V becomes larger the total amount of f ′ decreases, so
large potential scale does not ensure the positive force
term. Rather, it is positive when we have enough small
V yielding noticeable amount of the force term to affect
the evolution of the field and when the above condition
is satisfied. Also, it is clear that it would be more likely
to be positive if we consider high-k region or small scale
rather than small-k region or large scale.
For the model B, the situation is simillar but there is
important differences. We write the force term for the
model B as
FB(φk) ∼ −(k2 + 12a2VAM2P)φk − 6Hφ′k. (48)
Notice again that the term appearing in the model A,
−6H2φk, comes from the fact that the model A does not
have symmetry like the model B. It is clear that the total
force term in the model B is more likely to be positive
than in the model A, when we re-write (48) as FB(φk) ∼
FA(φk) + 6H2φk. In conclusion, we can expect that the
power spectra in the model B would be more likely to
be bigger than in the model A and GR, since we have
more oscillative k region of matter field contributing to
the spectra. Finally, we note once again that in the limit
of V → ∞ the results recovers GR consequently, by the
fact that the additional field converge to zero, which can
be inferred from equation (43). Its effects on the power
spectra disappear in this limit, regardless of any effects
occuring in finite region of V .
We illustrate our discussion by plotting an evolution of
the photon energy density perturbation for an example.
We plot for the case k = 0.2 Mpc−1 and various values of
V for each model. Note that the potential scale is dimen-
sionless. If one wants to understand it as field mass, one
may use the formula m2 = 4VM2P. As we expected, we
can see that from the figure 1 the amplitude of photon
perturbation depends on the potential scale. For a first
few value, the amplitude decreases as V becomes smaller,
but for some enough small value it increases again. In the
model B, the response to the change of V is more sensi-
tive and there are more cases that the amplitude is bigger
7Figure 1. Plot for the evolution of photon energy density per-
turbation in each model. Horizontal axis denotes conformal
time with the unit of Megaparsec and vertical axis denotes
the value of perturbation ∆k.
Figure 2. The lensed CMB TT power spectra in the unit of
µK2 in each model.
than in the model A and GR. Moreover, it is worth to
note that the force term does not much change the loca-
tion of peaks, or oscillation frequency.
Next we plot our main results, CMB power spectra
multipoles. First we plot TT power spectra, which is
plotted in the figure 2 for each model. The TT power
spectrum is only originated from temperature anisotropy.
Let us discuss the model A first. As one can see from the
upper part of the figure 2, the additional field affects for
all range of l. First we mention that a few values for low-l
region are a little bit bigger than the results of GR, but
the difference is subtle and it is hard to notice the differ-
ence from the graph. Rather, the effect is dominated by
high-l region, which means small scale. Although there is
a small increase of the spectrum in some low-l values, in
general it decreases as the potential scale become smaller
Figure 3. The difference between lensed spectra and raw spec-
tra in each model.
unless VA < 103. This results may be inferred from the
discussion for the photon field perturbation. Since the
field makes the photon field perturbation amplitude to
be changed, the CMB anisotropy intensity, that is orig-
inated mostly from the photon perturbation, should be
affected by them. If the photon field is less oscillative for
many values of k, the spectra would decrease in general,
and vice versa. As we can see from the figure 1, for the
model A except for VA = 102 the amplitude tends to de-
crease and hence the spectra also decrease overall. For
the value VA = 102, there is some region which is more
oscillative than in GR but this increase is minor in the all
region of k, and this is why we observe that the spectra
is slightly bigger than for the case VA = 103 only in the
high-l region. Moreover, we can see that the location of
peakes are almost not changed, and of course the results
become close to GR when V →∞.
Second, let us describe the TT spectra in the model B,
which is plotted in the below part of the figure 2. The
general features are simillar with the case for the model
A, however, on the small scale there is significant increase
of the spectra. Especially, for the region l ? 1500 and the
value VB = 103 the values become greater than GR. This
is not surprising, as we have shown that in the model B
the photon perturbation has more region of k, in which
the amplitude is much more bigger than in the model
A or GR. In the model A, this is not possible because
the field works as a friction rather than a source for the
photon field oscillation in many region of k. Whereas
in the model B, we can suspect that there is an enough
amount of much oscillative high-k region of the photon
field that contributes to the spectra, and that this high-k
region mostly contributes to the high-l region. This is
the most noticeable differences between our two models.
In the limit of VB → ∞, however, the results recovers
GR consequently, as it did in the model A.
We also plot the difference of lensed TT spectra and
raw (unlensed) TT spectra, which is given by ∆CTTl ≡
8Figure 4. The CMB EE polarization power spectra in the
unit of µK2 in each model.
Figure 5. The CMB TE polarization power spectra in the
unit of µK2 in each model.
((CTTl )lensed − (CTTl )raw)/(CTTl )raw, in the figure 3. In
the upper part of the figure, for the model A the field
weakens lensing effect and from this fact we can conclude
that the additional field makes the photons less deflected.
Also, we can see that the locations of peaks and troughs
are slightly shifted to left as the potential scale become
smaller. This feature is easily observed in the model B
in the below part of the figure 3, as well. However, there
is also remarkable difference in the lensed spectra. For
high-l region and low enough value of the potential scale
such as VB = 102, the deviation increases, especially in
the troughs. The increases in the peaks are relatively
small, and even if the values of the troughs exceed the
value of GR the values in the peaks may not. Hence, we
conclude that the contribution in the TT spectra arising
from the lensing effect becomes more important when we
consider the low potential scale.
In figure 4, 5, 6, we plot the results for EE, TE, and BB
Figure 6. The CMB BB polarization power spectra in the
unit of µK2 in each model.
power spectra in each model. They have almost simillar
feature as TT spectra and we only mention a few dif-
ferences. In the figure 5, we can see that the overall
properties are simillar as TT spectra but the deviation is
much more concentrated in the troughs, especially in the
high-l region. Another feature we also have to concern
is that the deviation of BB spectra seems to be much
more bigger than the other spectra. This phenomena is
more drastic in the model B, but we can see that the
smaller potential scale can give larger spectra also in the
model A, when comparing VA = 102 and VA = 103. Let
us describe the feature more in detail. As the value of
the potential scale decreases, BB spectra first decreases
in general. For some enough value of the potential scale,
however, the spectra increase overall and for the model
B values exceeding GR are also obverved. Note that
this feature of BB spectra comes from the lensing. Of
course, BB spectra can be also made from tensor per-
turbation and one may think that there would be some
differences in evolution of gravitational waves and this
changes would affect BB spectra. In our models, how-
ever, there is no differences from GR in tensor perturba-
tion itself. This effect solely comes from the change of
lensed B modes. The amount of deviation in BB spectra
from lensing makes no big difference from the deviation
in TT spectra lensing, but the original BB spectra from
GR has much smaller value than TT spectra and hence
the proportion of deviation is much bigger in BB spectra.
Therefore, this discussion on lensing effect suggest that
we have to pay attention on lensing, especially when we
study B modes.
Let us make some comparison between our two mod-
els and the other researches. There are many exhaus-
tive studies on CMB theory and observation for modified
gravity theories, and comparisons for all these models are
outside the scope of this paper. For a brief information
and numerical analysis of some representative modifica-
9tion in CMB theory, see [23]. Here we will only compare
some of them briefly. First, we mention ekpyrotic sce-
nario [24], which claims that the big bang is triggered
by big bounce. This may be regarded to be somewhat
simillar with our models, in the sense that it also deals
with the very early era of the universe. However, whereas
ekpyrotic scenario does not produce primordial gravita-
tional waves, our two models both do not affect the exis-
tence of gravitational waves. It is purely determined by
the inflationary universe models.
Second, let us explain differences between our models
and many modification of EM tensor in ΛCDM model.
These models, such as quintessence, are often proposed
to resolve cosmic constant problem. Many times they re-
sult in different properties of dark energy in the universe,
and typically affect Integrated Sachs-Wolfe effect, which
causes the low-l region of spectra to be changed. One
may also think of our models as modifications of matter,
since we have extra EM tensor and there is actually no
change in gravity itself. However, in our models new EM
tensor only appears in perturbative scale and has no ef-
fects in the background. Rather, the perturbation of the
new scalar field has strong impact on the oscillation of
matter perturbation at the early times of the universe.
Third, we discuss some differences between CMB in
BD theory and our models. A pioneering work for CMB
in BD theory which applies covariant formalism is given
by [25]. Our models are of course originated from BD
theory. However, due to the symmetry breaking, non-
mininal coupling of gravity and the scalar field vanishes
and this brings a lot of differences. For example, in BD
theory the deviation of CMB TT spectra intensity from
GR is quite negligible, comparing with the deviation of
the location of peaks. In our models, however, there is
almost no deviation of the location of peaks. Since the
scalar field alters the amplitude of photon field perturba-
tion, it also changes the intensity of CMB power spectra.
We also emphasize especially that the model B has an-
other extraordinary feature, that is an increase of the
intensity at the very small scale (l & 1500), which makes
it larger than the result of GR for the small enough po-
tential scale. This is quite distinguishable difference from
other researches.
Finally, we finish this section by discussing a few meth-
ods for examining our results with observational data. As
we have discussed earlier, our models only can be verified
at perturbative level and we already know many tests
which apply perturbation theory. But we also have to
consider the fact that the scalar field perturbation rapidly
decrease in the radiation era. This implies that we can-
not verify our results only by considering perturbations
at the current era. Hence, it is necessary to also consider
the early era of the universe and of course CMB obser-
vation provides a best way for this. Therefore, here we
have to only discuss tests satisfying this condition. First
of all, data from Planck satelite are most representative
observational results for analyzing CMB power spectra.
But there are some other observational tests that would
be useful when comparing with observation. For exam-
ple, Lyman-α forest observations shows many absorbtion
lines in quasar spectra, and it may be helpful for analyz-
ing high-k density fluctuations, in which our models dif-
fer from GR [26]. Many recent observations such as DES
(Dark Energy Survey) [27], SDSS (Sloan Digital Sky Sur-
vey) [28] would be also helpful, showing how fluctuations
of dark matter and dark energy have evolved. Also, cur-
rently there are many experiments on CMB which focus
on small angular scale of CMB spectra. For example,
AdvACTPol (Advanced Acatama Telescope) [29], SPT-
3G (South Pole Telescope) [30], Simons Observatory [31],
and CMB-S4 [32] would be useful to examine the validity
of our models.
V. CONCLUSION
In this paper, we proposed a way for probing two kinds
of primordial symmetry breaking with CMB power spec-
tra. The first model (the model A) is originated from
Zee’s broken-symmetric theory of gravity, and the sec-
ond model (the model B) comes from applying Palatini
formalism to the model A. Especially, symmetry breaking
phenomena in the model B is appeared to have geometri-
cal feature. We presented new EM tensors (28) and (33)
for the perturbation theories in each model, to show a
way to verify the models with observation.
To plot the computed results we used the numeri-
cal code CAMB. However, for the numerical reason to
speed up the code we had to apply specific approxima-
tion scheme for the large potential scale. The scalar field
in new EM tensors appeared to affect the evolution of or-
dinary matter perturbation, and it decrease or increase
the amplitude of the perturbation. This also brings dif-
ferences in the intensity of CMB power spectra. For the
model B, we discovered that the increase in the high-l
region of the spectra is more drastic than in the model
A. We also compared our results with the other studies
and mentioned some observational tests that would be
helpful when verifying our models.
Our studies have some noticeable meanings. The mod-
els we proposed open a new way for probing primordial
symmetry breaking through cosmic observation. Our
models do not concern mechanisms like branching of
gravity from other forces, the current scenario explain-
ing appearances of four forces. But at least it might
give some clue for the other way of probing symmetry
breaking phenomena in the universe, using cosmological
method.
However, our results are restrictive and require more
researches. First, we restricted ourselves to some simple
cases. We only considered simplest scalar-tensor theory
and did not consider torsion. Weyl geometry, which mo-
tivated our studies, is actually a simple case without tor-
sion of Lyra’s geometry. Although it is hard to apply co-
variant formalism to theories with torsion since one may
cannot choose proper foliation in this case and hence can-
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not define 4-velocity and kinematical quantities, many
high-energy gravity theories in these days concerns tor-
sion so we need to develop appropriate mathematical for-
mulations for them.
Second, we think that our study only should be consid-
ered as some kind of examples illustrating one possibil-
ity for cosmological observation of primordial symmetry
breaking. Our models presume a certain type of physics
before the inflation and at the Planck scale, on which we
cannot speak precisely unless we establish valid quan-
tum gravity theory. No one knows what kind of symme-
try would govern the spacetime at the Planck scale and
how big the mass of a field invoking symmetry break-
ing would be. Nevertheless, we believe that our study
provides some conceptual usfulness. Even though the
problem mentioned above are not resolved, the limit of
the value m (or V ) beyond the Planck mass can be un-
derstood as the upper limit, below which a scalar-tensor
theory becomes GR as its effective theory because the
influence of the additional EM tensor diminishes.
Finally, our numerical approximation is almost safe
but not accutate. We have to find another way to over-
come the numerical tackles. Of course this is inevitable
when it comes to comparing our theory with observa-
tional data such as Planck setellite data. Moreover, it
would be some helps for more detailed studies on differ-
ences between two models or the other models based on
different type of symmetry. We also think that we need
more concentrative studies for the density perurbation of
various matters, the lensing effect and its contribution to
the spectra, to make our theory contact with the obser-
vation. Comprehensive researches, including comparison
with the observational data, might show us more inter-
esting pictures of the theory. The careful study with the
observational tests mentioned above, are waiting to be
performed.
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